To examine the diversity of astrocytes in the human brain, we immunostained surgical specimens of temporal cortex and hippocampus and autopsy brains for CD44, a plasma membrane protein and extracellular matrix receptor. CD44 antibodies outline the details of astrocyte morphology to a degree not possible with glial fibrillary acidic protein (GFAP) antibodies. CD44ϩ astrocytes could be subdivided into two groups. First, CD44ϩ astrocytes with long processes were consistently found in the subpial area ("interlaminar" astrocytes), the deep isocortical layers, and the hippocampus. Many of these processes ended on blood vessels. Some were also found adjacent to large blood vessels, from which they extended long processes. We observed these CD44ϩ, long-process astrocytes in every brain we examined, from fetal to adult. These astrocytes generally displayed high immunostaining for GFAP, S100␤, and CD44, but low immunostaining for glutamine synthetase, excitatory amino-acid transporter 1 (EAAT1), and EAAT2. Aquaporin 4 (AQP4) appeared distributed all over the cell bodies and processes of the CD44ϩ astrocytes, while, in contrast, AQP4 localized to perivascular end feet in the CD44Ϫ protoplasmic astrocytes. Second, there were CD44ϩ astrocytes without long processes in the cortex. These were not present during gestation or at birth, and in adult brains varied substantially in number, shape, and immunohistochemical phenotype. Many of these displayed a "mixed" morphological and immunocytochemical phenotype between protoplasmic and fibrous astrocytes. We conclude that the diversity of astrocyte populations in the isocortex and archicortex in the human brain reflects both intrinsic and acquired phenotypes, the latter perhaps representing a shift from CD44Ϫ "protoplasmic" to CD44ϩ "fibrous"-like astrocytes.
Introduction
Astrocytes have received increasing attention in studies of CNS structure and pathology. Much of our current knowledge of astrocytes in the normal and pathological CNS is based on studies of rodent brain. A few studies have dealt with human astrocytes and have revealed peculiar anatomical features not found in the rodent CNS, such as the presence of astrocytes with long, unbranched processes in the human CNS, described by Andriezen (1893), Retzius (1893 ), Cajal SRy (1984 , and other pioneering neurocytologists, and recently revisited (Colombo et al., 1997; Reisin and Colombo, 2002a; Colombo and Reisin, 2004; Oberheim et al., 2009) . These astrocytes are readily distinguished from "protoplasmic" astrocytes, which display a bushy morphology and approximately spherical domains. Several investigators have correlated these long-process astrocytes with the presence of CD44, a receptor for extracellular matrix molecules (Bignami and Dahl, 1986; Girgrah et al., 1991; Vogel et al., 1992; Akiyama et al., 1993; da Cruz et al., 1993; Kaaijk et al., 1997; Arai et al., 2000) . CD44 is also found in the "fibrous" astrocytes of white matter.
Reactive gliosis also results in increased expression of CD44, with more CD44ϩ astrocytes appearing in a variety of neurological disorders, such as Alzheimer's disease (Akiyama et al., 1993) , argyrophilic grain disease (Botez et al., 1999) , multiple sclerosis (Girgrah et al., 1991) , tuberous sclerosis (Arai et al., 2000) , and gliotic tissue adjacent to meningiomas (Zeltner et al., 2007) . Many of these "reactive" astrocytes reside in the cortex and other gray matter areas, which are normally populated by CD44Ϫ, protoplasmic astrocytes. Thus, such examples of reactive gliosis might suggest that some of the CD44ϩ reactive astrocytes arise from CD44Ϫ protoplasmic astrocytes. Indeed, we have observed this transition in a mouse model of Alexander disease, a disorder caused by mutations in GFAP (Sosunov et al., 2013) .
We characterized the immunohistochemical phenotypes of CD44ϩ astrocytes in human brain specimens (isocortex and hippocampus) obtained at surgery and at autopsy. As anticipated, we found CD44ϩ astrocytes with long processes at the pial surface, in deep cortical layers, and next to large cortical blood vessels. These astrocytes displayed immunocytochemical phenotypes similar to those of fibrous astrocytes of white matter and different from protoplasmic astrocytes. In addition, we found other CD44ϩ cortical astrocytes, which varied in number from specimen to specimen and displayed "mixed" morphological and immunocytochemical phenotypes between protoplasmic and fibrous astrocytes. Many of these did not have long processes. To characterize the normal development of these CD44ϩ populations, we examined fetal and neonatal brains. CD44ϩ astrocytes with pial-based long processes appeared after 26 weeks of gestation. By full term, the human brain contained CD44ϩ long-process astrocytes in white matter, deep cortex, at the pial surface, and around large vessels. However, we found no short-process CD44ϩ astrocytes in the cortex. Thus, the CD44ϩ long-process astrocytes appear intrinsic to the human brain, but the highly variable numbers of short-process CD44ϩ astrocytes in the adult cortex appear to be an acquired population.
Materials and Methods
Human tissue specimens. We examined 58 samples of neocortex (4 frontal, 2 parietal, and 52 temporal lobes; without radiologically and neuropathologically identified focal lesions), 11 samples of nonsclerotic hippocampi, and 14 samples of sclerotic hippocampi (mean age at surgery, 36 years; age range, 2-69 years; of either sex) obtained from surgical resections in patients with medically intractable epilepsy. Six samples were obtained from patients without seizures who had surgical resection due to cavernous malformation (two patients), aneurysm, brain abscess, epidermoid cyst, or meningioma. The studied samples did not include parenchyma with focal lesions and were considered at neuropathological examination to be normal. The mean age of patients at surgery was 66 years (age range, 34 -75 years).
Autopsy specimens of frontal and temporal cortex with underlying white matter and basal ganglia were collected from 19 to 21 weeks gestation (three specimens), at 26 weeks (two specimens), and from 38 to 40 weeks (three specimens); and at postnatal ages 3 weeks (one specimen), 7 weeks (one specimen), 6 months (one specimen), 1 year (one specimen), 2 years (two specimens), 5 years (one specimen), and 7 years (one specimen), of either sex. Samples of neocortex (temporal and parietal lobes) and hippocampi were taken at autopsy from six subjects (mean age, 47.4 Ϯ 4.5 years; age range, 42-54 years; of either sex) without brain pathology. None of these brains showed evidence of neuropathology. All patient protocols were approved by the Institutional Review Board of Columbia University Medical Center.
Histology and immunohistochemistry. Surgical specimens were fixed in 4% paraformaldehyde in PBS for 12-18 h (4°C). The 40 m sections were prepared with a vibratome (VT1000S, Leica) and stored in cryoprotectant solution at Ϫ20°C. The standard procedure for Nissl staining with cresyl violet was used for routine analysis of tissue. Some autopsy tissue (fetal and children) was fixed with 10% formalin and embedded into paraffin. Five micrometer sections were used for immunostaining. Other autopsy tissues (adult) were fixed in paraformaldehyde and sectioned at 40 m on a vibratome. CD44ϩ astrocytes in the cortex. A, many long CD44ϩ astrocyte processes course through upper and lower cortical layers (dotted lines define their tips in mid-cortex). Note that their lengths in upper and lower cortex are similar. I-VI in AЈ indicate cortical layers. B, Longprocess(arrows)andshort-process(arrowheads)CD44ϩastrocytesoccupymostcorticallayers.Onlysomecellswereindicated.C,Subpial interlaminar astrocytes. C1, Enlarged boxed area in C; single optical slices. Note (1) that CD44ϩ astrocytes (1-3) have only a few main branches with clearly outlined profiles, and (2) neighboring GFAPϩ astrocytes (asterisks) are CD44 negative. D, Dense packing of long processes of subpial interlaminar astrocytes in layer II. Note that the majority of varicosities (arrowheads, marking only some varicosities) are immunopositive for GFAP and S100␤.E, Many long processes of subpial CD44ϩastrocytes end on a blood vessel (V) in cortical layer II. F, Endings of long-process CD44ϩ astrocytes in the lower part of layer III. One CD44ϩ process ends with an enlargement in the neuropil (two-headedarrow).F1,2Dviewsofa3DreconstructionofenlargedupperboxedareainFshowingendfoot(arrowinFandF1)atavessel wall(V).Notethatthevaricose-likeenlargementthatlookslikea"freeending"(arrowhead)leavesthevolumeoftheopticalimagez-stack. Antibodies. Primary antibodies were used against the following: (1) CD44, mouse monoclonal (1:80; clone F10-44-2, Dako) and rat monoclonal (1:100; clone A020, Millipore); (2) glial fibrillary acidic protein (GFAP), mouse monoclonal (1:1000; G3893, Sigma-Aldrich), rabbit polyclonal (1:1000; Z 0334, Dako), and chicken polyclonal (1:500; PCK-591P, Covance); (3) vimentin, mouse monoclonal (1:500; M 0725, Dako); (4) nestin, rabbit polyclonal (1:500; PRB-570, Covance); (5) glutamine synthetase (GS), mouse monoclonal (1:1000; MAB302, Millipore) and rabbit polyclonal (1:200; sc-9067, Santa Cruz Biotechnology); (6) astrocytespecific glutamate transporters, excitatory amino-acid transporter 1 (EAAT1; GLAST), monoclonal (1:100; clone 10D4, Novocastra Laboratories); EAAT2 (GLT-1), mouse monoclonal (1:500; 611654, BD Transduction Laboratories); (7) aquaporin 4 (AQP4), rabbit polyclonal (1:200; 178614, Calbiochem); (8) calcium-binding protein specific for glial cells (S100), rabbit polyclonal (1:600; A 5110, Dako); (9) ␣B-crystallin, rabbit polyclonal (1: 300; SPA-223, Stressgen); (10) For light microscopy, sections were pretreated in 3% H 2 O 2 in methanol (30 min) and after blocking in 10% donkey serum incubated overnight (4°C) with primary antibodies. After washing, sections were incubated with biotinylated secondary antibodies (1:1000; Jackson ImmunoResearch) for 1 h at room temperature (RT) and then, after washing, with avidin-biotin-peroxidase complex (Vector Laboratories), for 1 h at RT. Peroxidase activity was visualized with 0.03% DAB (Sigma) with 0.005% H 2 O 2 in 0.05 M Tris buffer. Sections were mounted on glass slides, dehydrated in a graded ethanol series, and mounted in DPX medium. For double/triple immunofluorescence, after blocking with 10% normal goat (or donkey) serum (for 30 min, at RT), freefloating sections were incubated in a mixture of primary antibodies raised in different species overnight (4°C). For visualization, Alexa Fluor-conjugated secondary antibodies were used for 1 h at RT. Fluorescent Nissl reagent (1:150; NeuroTrace 640/660 deep-red, Invitrogen) was used (for 30 min, at RT) for visualization of general histological structures in double immunostaining. DAPI (Vector Laboratories) was used with triple immunostaining. Blocking serum, primary, secondary antibodies, and fluorescent Nissl reagent were applied in 0.2% Triton X-100 in PBS. Sections for fluorescent microscopy were mounted on slides in Vectashield (Vector Laboratories). To control the specificity of immunostaining, primary antibodies were omitted and substituted with appropriate normal serum. Slides were viewed using a Nikon A1R MP The astrocyte that occupies a perineuronal (N) position sends several end feet to blood vessel (V). C, Astrocyte in layer IV sends end feet to several blood vessels (arrows), whereas other processes pass over these vessels (arrowheads) and end beyond the area of the image. D, A long process (marked with arrowheads) of a perivascular (V) astrocyte (asterisk) ends on small blood vessels (see in D1, enlarged boxed area in D), Note in D1 that several CD44ϩ processes (arrows) going from upper parts of cortex make end feet on the same vessel (V). D2, Enlarged boxed area in D1 shows that the long CD44ϩ process "crawls" along a CD44Ϫ/GFAPϩ astrocyte process approaching the vessel. CD44ϩ and GFAPϩ processes are marked with green and red arrowheads, respectively, before they touch each other. E, Long processes ascending from white matter astrocytes into lower cortical layers. The gray matter-white matter border is defined with a dotted line (E) and is clearly discriminated by CD44 and GS immunostaining. F, Many thin astrocyte processes in lower cortical layers do not show detectable levels of GFAP immunostaining (arrows, marking only some processes). G, Many long astrocyte processes in the lower cortical layers end on blood vessels (V). Confocal microscopy. confocal microscope. 3D reconstructions were generated from stacks of images with the confocal microscope software NIS-Elements.
Quantitative immunohistochemical analysis. The numbers of CD44-immunolabeled cells were quantified in the images merged from stacks of adjacent six images (1024 ϫ 1024 pixel resolution; observed area, 606 ϫ 606 m) captured at a distance of 0.5 m from each other. Only cells with clearly outlined nuclei were taken into consideration. Three randomly selected areas from mid-cortical layers (layers III and IV; for analysis of CD44ϩ astrocytes without long processes) and deep layers (layers V and VI; for analysis of CD44ϩ astrocytes with long processes) from 32 specimens were used. These specimens were selected because they contained many CD44ϩ astrocytes in mid-cortical layers.
To quantitate the long CD44ϩ processes of interlaminar astrocytes that end either on blood vessels or are "free" within the neuropil, z-stacks of optical slices were taken from the entire depth of the 40 m sections with optical sections of 0.5 m (except areas near the surface to avoid nonspecific staining) from the 295 ϫ 295 m area with 1024 ϫ 1024 pixel resolution. To identify blood vessels, we used immunostaining for dystrophin, which defined most if not all vessels. The positions of CD44ϩ astrocyte processes were determined in 3D reconstruction of the areas of interest. Only those processes whose terminal parts (usually varicose-like enlargements) did not contact the marginal surfaces of the examined volume or blood vessels were considered as free endings.
To assess the GS immunostaining levels in CD44ϩ astrocytes with long processes versus CD44Ϫ protoplasmic astrocytes, images (merged three adjacent optical slices captured at a distance of 0.25 m from each other, with 1024 ϫ 1024 pixel resolution, from a 295 ϫ 295 m area) were obtained from double immunostained GS and CD44 slices. Images were transferred to ImageJ 1.47 (public domain), and the optical density (OD) was determined in a circular area with diameter of 100 m [this size was selected to minimize inclusion of neighboring astrocytes processes, given that a diameter of a human protoplasmic astrocyte domain is ϳ 140 m (Oberheim et al., 2009)].
For correlation between CD44 and GFAP immunostaining images (stacks of adjacent six optical slices captured at a distance of 0.5 m; 1024 ϫ 1024 pixel resolution; observed area, 606 ϫ 606 m,) were obtained from the whole depth of the neocortex. Three randomly selected areas from each of 32 specimens were used for analysis of OD with ImageJ. Correlation between levels of CD44 and GS immunostaining in CD44ϩ astrocytes without long processes was performed on images obtained from stacks of three adjacent optical slices captured at a distance of 0.25 m, with 1024 ϫ 1024 pixel resolution, and an observed area of 295 ϫ 295 m. It should be noted that these areas included many CD44Ϫ protoplasmic astrocytes. The OD was determined with ImageJ. Quantification of synaptophysin-positive puncta was performed on the images obtained from stacks of three adjacent optical slices captured at a distance of 0.25 m, with 1024 ϫ 1024 pixel resolution, and an observed area of 98 ϫ 98 m. Areas of interest (30 ϫ 30 m) were selected near cell bodies (excluding perikarya) of CD44ϩ astrocytes and neighboring CD44Ϫ protoplasmic astrocytes, and were used for analysis of the OD with ImageJ.
Electrophysiological recording in acute brain slices. Freshly obtained samples of surgically resected tissue were cut with a vibratome (VT 1000S, Leica) in ice-cold oxygenated-modified artificial CSF containing the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1.5 MgCl2, 1.25 NaH 2 PO 4 , 26 NaHCO3, and 10 dextrose. The slices (160 -180 m) were recovered at 30°C in a chamber for at least 1 h before electrophysiological recording. The above solution was also used for whole-cell patchclamp recording in brain slices at 30°C. The bath solution was applied at a flow rate of 1.5 ml/min using the VC-6 perfusion valve control system (Warner Instruments) with the TC-344B temperature controller. Cells were visualized under a Leica DMLFS microscope with a 63ϫ waterimmersion lens. The intracellular solution in the patch pipettes contained the following (in mM): 140 KCl, 1 MgCl2, 10 EGTA, 10 HEPES, 3 MgATP, and 0.3 Na2ATP, pH 7.3 with KOH. The 1 M tetrodotoxin (Sigma) was applied in the bath solution to block sodium channels. Pipette resistance was ϳ3-5 M⍀. Cell capacitance and series resistance were measured using the software MultiClamp 700A Commander, version 1.1.2.27, and pClamp 8 (Axon Instruments). Cells were initially identified morphologically based on the sizes and shapes of their somas, and the architecture of their processes. For analysis of cell morphology and gap junction coupling with the surrounding cells, Lucifer yellow (Sigma-Aldrich) and Alexa Fluor 594, which does not penetrate through gap junctions and thus allow us to evaluate the shape of the patched cell, Figure 3 . A, Representative current traces were evoked by a step voltage protocol (from Ϫ160 to ϩ60 mV in 10 mV increments; 100 ms duration). The current-voltage ( I-V) curves were obtained from the measurements near the end of each voltage step (small black squares above current traces). Note the absence of difference between control (short processed astrocyte, left) and astrocyte with long processes (right). B, A subpial interlaminar astrocyte was filled with Lucifer yellow (for intercellular coupling) and with Alexa Fluor 594 (which does not penetrate gap junctions). Many neighboring astrocytes were filled with Lucifer yellow (B). Cell processes of the injected astrocyte have short spine-like protrusions (arrows in B1, enlargement of B). Confocal microscopy. Scale bars: B, B, 125 m; B1, 25 m.
were added to the intracellular solution (final concentrations, 0.1% and 0.1%, respectively) and filtered through a 0.2 m polytetrafluoroethylene filter. After the experiment, slices were immersed in fixative (4% paraformaldehyde in PBS) and kept overnight at 4°C. Slices were immunostained and observed under a confocal microscope, as cited above.
Statistical analysis. Data were expressed as the mean Ϯ SEM. Student's t test and Pearson correlation coefficient were used as appropriate. p Ͻ 0.05 was considered to be significant.
Results
The adult human neocortex contains CD44؉ astrocytes with long processes In every sample of neocortex, we observed CD44ϩ astrocytes with long processes. CD44ϩ astrocytes located at the pial surface and those in the lower cortical layers and superficial white matter displayed long, unbranched processes oriented orthogonally to the pial surface and to the gray matter-white matter border. The CD44ϩ astrocytes located at the pial surface produced processes that descended into the cortex, reaching as deep as layers III-IV (Fig. 1A-E) . We observed many processes of these "interlaminar" astrocytes ending on blood vessels (Fig. 1 E, F ) , although the endings of some processes were undetermined because they went beyond the borders of the section. The long processes of these astrocytes lacked secondary branches and in some specimens showed irregularly spaced, varicose-like enlargements ( Fig. 1 D, DЈ) . The varicosities have been described as a feature of the longprocess astrocytes (Oberheim et al., 2009) . The cell bodies of most of these astrocytes were found within a short distance from the pia, and some (20%, 58 of 292 cells) were in direct apposition to the pia. Not all astrocytes near the pial surface were CD44ϩ, however (Fig. 1C1,C1Ј ), but these did not produce long processes. We quantitated the numbers of CD44ϩ processes that ended either on blood vessels or ended free, without contacts with blood vessels. Because the density of interlaminar processes decreased as they traveled through the cortical layers, we examined the ends of processes in the upper part of layer III, where the density of the processes is high, and in the lower part of layer III, where the density is much lower. In the upper layer, most of the long CD44ϩ processes ended on blood vessels (49 of a total of 52 that were examined with 3D reconstruction, and 3 processes that ended free without contact with the vessels). In the lower part of layer III, we found 61 processes with end feet on blood vessels and 23 that ended with varicoselike enlargements free in the neuropil.
CD44ϩ astrocytes with long processes were also regularly observed in deep cortical layers (layers V and VI; "stellate independent cells"; Cajal SRy, 1984), "varicose projection astrocytes" (Oberheim et al., 2009) , and superficial white matter (Figs. 1 A, B, 2 E, F ). Many of these projected processes radially into the cortex, producing a meshwork of thin processes in layers V and VI (Akiyama et al., 1993) . The processes of these cells lacked secondary branches and generated only a few spine-like protrusions in the proximal parts of processes (Fig. 2A2) . As was the case for the descending processes, it was not always clear whether these ascending processes reached specific targets, but we observed many touching the walls of blood vessels (Fig. 2G) . Note that the CD44ϩ long-process astrocytes typically send many thin processes to vessels and that their end feet appear to be small (Figs. 1E, 2B2 ,C,D1,G).
We found long-process astrocytes with cell bodies within the cortex. The majority of these were associated with large blood vessels (Fig. 1B , astrocytes along the descending blood vessel, 2 B, B1). Some of their cell bodies touched blood vessel walls ("pedivascular" astrocytes, according to Cajal SRy, 1984) , although more were located in the vicinity of blood vessels ("perivascular" astrocytes, according to Cajal SRy, 1984) and sent several vascular end feet to the nearest vessel (Fig. 2B-D) . These astrocytes also sent long processes to terminate on blood vessels some distance away (Fig. 2C, D, D1,D2 ). Other cell bodies of CD44ϩ long-process astrocytes in the cortex were found intimately associated with neuronal cell bodies ( Fig.  2A1,B2 ; 45%, 123 of 278 examined cells). We also found highly variable numbers of CD44ϩ astrocytes in mid-cortex that did not have long processes. Many of these astrocytes are shown at low magnification in Figure 1B (unmarked by arrows). Note that another specimen does not show these CD44ϩ astrocytes (Fig. 1A) . These cortical CD44ϩ astrocytes without long processes are discussed below.
We recorded from several of the long-process astrocytes in the excised temporal lobes. All displayed passive current-voltage relationships (Fig. 3A) . Furthermore, we compared the passive electrophysiological properties to those of protoplasmic astrocytes and found no significant differences in resting membrane potential, input resistance, or membrane capacitance. One half (three of six) of the long-process astrocytes near the pial surface from which we recorded were coupled to neighboring protoplasmic astrocytes (Fig. 3B) . In contrast, all protoplasmic astrocytes were coupled to neighboring protoplasmic astrocytes.
The human hippocampus also contains CD44؉ astrocytes with long processes We found CD44ϩ astrocytes in the stratum oriens of the hippocampus that projected long processes covering the entire depth of the pyramidal layer of CA1-CA3 and subiculum, and ending at the border of the stratum radiatum (Fig. 4 A, C) . These looked similar to the interlaminar astrocytes of the neocortex. In surgical specimens, the long processes displayed small or no varicosities; in several autopsy specimens, the long processes displayed many large varicosities (Fig. 4B) .
The hippocampus has an "inverted" position of pyramidal neurons in comparison with the neocortex-layer I of the neocortex corresponds to the stratum radiatum near the stratum lacunosummoleculare, and layer VI to the pyramidal layer near the stratum oriens. Thus, the long astrocyte processes covering the pyramidal layer corresponded to astrocyte processes going from subcortical white matter into layers V and VI. The stratum oriens is made up of axons of the pyramidal neurons and along with the alveus makes up the "white matter" of the hippocampus. The other hippocampal area where CD44ϩ astrocytes were found consistently is the molecular layer of dentate gyrus, where long processes of astrocytes in the subgranular layer cover the whole depth of the molecular layer (Fig. 4 D, E ). CD44ϩ astrocytes with long processes were also observed in the stratum radiatum (Fig. 4F ) and in the hilus of the dentate gyrus (data not shown). Therefore, analysis of the hippocampus showed that CD44ϩ astrocytes with long processes are also typical for an archicortex population of astrocytes. The varicosities along the long processes in both cortex and hippocampus have been considered a typical feature of the long-process astrocytes (Akiyama et al., 1993; Oberheim et al., 2009 ). It is difficult to determine whether these varicosities are anatomic structures in living tissue or artifacts. We have left surgical temporal lobe material at room temperature for 15 h before paraformaldehyde fixation and found many more varicosities in long-process CD44ϩ astrocytes than in the same samples fixed immediately after surgery (A. Sosunov, unpublished observations). Thus, energy failure, either premortem or postmortem, may contribute significantly to the generation of varicosities, perhaps by an inhibition of cytoplasmic transport in astrocyte processes.
CD44؉ astrocytes with long processes are phenotypically distinct from the protoplasmic astrocytes in gray matter and similar to fibrous astrocytes in white matter We characterized the CD44ϩ astrocytes with long processes by their immunohistochemical profiles and compared them to protoplasmic and fibrous astrocytes. CD44ϩ astrocytes immunostained more weakly for EAAT2, EAAT1, and GS than did protoplasmic astrocytes (Figs. 2 B, E, 5A-E) . We quantified the optical density of GS immunolabeling and found that CD44ϩ astrocytes displayed significantly lower levels in comparison with neighboring CD44Ϫ protoplasmic astrocytes (57.23 Ϯ 6.44 vs 106.35 Ϯ 5.85 a.u., respectively; p Ͻ 0.001). The low EAAT1 and EAAT2 levels in CD44ϩ astrocytes do not mean, however, that the entire volume occupied by a CD44ϩ long-process astrocyte, even near their bodies, is devoid of astrocyte glutamate transporters. An examination of CD44 and EAAT1 or EAAT2 colabeling in the close vicinity of long-process astrocytes shows that there are indeed EAAT1ϩ and EAAT2ϩ processes intercalated between the CD44ϩ processes (Fig.  5C,F ) . These EAAT1ϩ and EAAT2ϩ processes likely originate from neighboring CD44Ϫ, EAAT1ϩ/EAAT2ϩ, protoplasmic astrocytes (also see Astrocyte domain localizations and microheterogeneity among astrocyte types, below).
CD44ϩ astrocytes also showed consistent immunostaining for secreted protein acidic rich in cysteine (SPARC; osteonectin, in their cell bodies and processes; Fig.  6 A, A1,B) and ␣B-crystallin (in their cell bodies; Fig. 6C ,C1,D), as is typical for fibrous astrocytes in white matter (Fig.  6 E, F ) but is absent in protoplasmic astrocytes. The majority of CD44ϩ astrocytes displayed high levels of GFAP and S100␤, although some cells revealed low levels of immunoreactivity for these proteins.
AQP4 immunostaining was of special interest because of the close spatial relationship of the long-process astrocytes to blood vessels. All CD44ϩ astrocytes with long processes displayed positive immunostaining for AQP4 throughout the cell body and processes (Fig. 6G,H ) . This cell body and process staining appeared to be at a much higher level than that of protoplasmic astrocytes, which displayed mostly immunostaining at end feet (Fig.  6G,H ) , suggesting a more widespread distribution of AQP4 over the entire cell rather than concentrated at blood vessel contacts. The (CD44ϩ) fibrous astrocytes of white matter also showed immunostaining for AQP4 over cell bodies and processes (data not shown).
Given that fibrous astrocytes in white matter contact nodes of Ranvier and participate in ion regulation in this area (Lundgaard et al., 2013) , we examined the relation between CD44ϩ processes and nodes. Using Caspr1 as a paranodal junction marker, we could not find any contact between nodes and CD44ϩ long processes (neither at their ends nor along processes). CD44ϩ processes were only observed at some distance from the nodes (Fig.  6 I, I1) . In contrast, small processes of protoplasmic astrocytes were consistently found near nodes (Fig. 6 J, J1,J2 ). Probably in gray matter, protoplasmic astrocytes participate in ionic buffering of extracellular space around nodes.
Other types of CD44؉ astrocytes within the neocortex
In addition to the CD44ϩ astrocytes with long processes that descended or ascended into the cortex and the CD44ϩ longprocess astrocytes connected to large blood vessels, we observed CD44ϩ astrocytes of variable morphologies within the cortex. The numbers of these cells varied considerably: in some specimens we found very few of them (Fig. 1A) , while in others (55% of studied cases, 32 of 58) they occupied all cortical layers (Fig.  1B) . Some of them (ϳ30%, 61 of 200 cells) displayed CD44 immunostaining that homogeneously filled the entire volume occupied by the cell body and processes (Fig. 7A) . Such bushy cells have the morphology of protoplasmic astrocytes and did not project long processes. Others (ϳ10%, 18 of 200 cells) did not display a full bushy appearance, but rather showed a lower density of processes, many with small CD44ϩ protrusions, which corresponded to miniature leaflet-like astrocytic processes (Fig.  7 B, C) . Most of the CD44ϩ astrocytes in this population (ϳ60%, 121 of 200 astrocytes) displayed a reduced density of miniature leaf-like processes on their main branches, and the appearance of many thin, short, curved processes originating from the perikarya and occupying the space between the proximal segments of main branches (Fig. 7C,D) . These astrocytes often displayed a few undulating, long processes that extended beyond the limits of the majority of the processes. It is worth noting that without confocal imaging many of the aforementioned CD44ϩ astrocytes looked bushy (Fig. 7C,D) , but analysis of single optical sections revealed the reduction or absence of miniature leaf-like processes (Fig. 7C1,D1 ). Note also that these CD44ϩ astrocytes with a protoplasmic phenotype produced end feet that wrapped around a blood vessel (Fig. 7 E, F ) , in contrast to the CD44ϩ long-process astrocytes, whose end feet were small (Figs. 1E, 2B2,G) . These astrocytes stained variably with anti-GS (Fig. 8 A, B) and anti-EAAT2 (Fig. 8C,D) antibodies.
One peculiar type of CD44ϩ astrocyte should be mentioned. These cells projected processes lacking secondary and miniature branches to neighboring neurons and embraced their perikarya with terminal branches (Fig. 7G,H ) . The number of these cells was not high (Ͻ1%), but detailed examination of slices allowed us to find them in many of our samples. The majority of the CD44ϩ astrocytes in the mid-cortical layers also displayed high levels of GFAP immunostaining. An analysis of CD44 and GFAP optical densities for these cells showed a direct correlation between these markers (r ϭ 0.619, p Ͻ 0.001; Fig. 8E ). Levels of EAAT2 and GS varied in these CD44ϩ astrocytes (Fig. 8A-D,F ) , and those with high levels of CD44 and GFAP were also AQP4 immunopositive (data not shown). We performed a regression analysis of GS and CD44 immunostaining based on optical density and determined an inverse correlation (r ϭ 0.456, p Ͻ 0.001; Fig. 8F ), indicating the significantly lower GS levels in these CD44ϩ astrocytes.
Astrocyte domain localizations and microheterogeneity among astrocyte types Protoplasmic astrocytes, unlike fibrous astrocytes, spread their processes over a limited volume around their perikarya. This volume constitutes the astrocyte "domain." Only in a small, peripheral area do their processes intermingle with processes of neighboring astrocytes (Bushong et al., 2002 (Bushong et al., , 2004 . In contrast, the long processes of CD44ϩ astrocytes crossed through the domains of many protoplasmic astrocytes, often passing in close proximity to their perikarya (Fig. 9 A, B ; Oberheim et al., 2009, their Fig. 5 A, F ) . As noted above, CD44ϩ astrocytes with long processes have lower or undetectable levels of EAAT2 immunostaining compared with protoplasmic astrocytes. Such a difference allowed us to determine the spatial relationships of the CD44ϩ longprocess astrocytes with their neighboring, CD44Ϫ, protoplasmic astrocytes. The EAAT2ϩ and EAAT1ϩ processes of protoplasmic astrocytes penetrated into the domains of neighboring CD44ϩ astrocytes (Figs. 5F, 8C,C1, D, D1 ). This indicates that the breakdown of astrocyte domains is symmetrical-CD44ϩ astrocytes send their processes through many other astrocyte domains, and CD44Ϫ protoplasmic astrocytes can send processes into a CD44ϩ astrocyte domain.
We also wanted to examine synaptic density in and around the volumes of the CD44ϩ long-process astrocytes. After immunostaining tissues with antibodies to synaptophysin, we found many synaptophysin-positive puncta near cell bodies of CD44ϩ astrocytes (Fig. 9C-E) . In fact, the density was not different from that within domains of EAAT2ϩ/CD44Ϫ protoplasmic astrocytes. For CD44ϩ astrocytes with long processes, OD for synaptophysin puncta around CD44ϩ cell bodies (68.38 Ϯ 2.783 a.u.) did not differ from that around nearby protoplasmic astrocytes (69.093 Ϯ 2.832 a.u.; p ϭ 0.448). For CD44ϩ astrocytes with short processes, we determined no correlation between levels of synaptophysin and CD44 immunoreactivity (r ϭ 0.019, p Ͻ 0.001; Fig. 9F ). However, synaptophysin-positive puncta were located between the processes of CD44ϩ astrocytes, where the EAAT2ϩ processes of neighboring protoplasmic astrocytes resided. Such observations indicate that CD44ϩ astrocytes do not have isolated, exclusionary domains and that the volume between their processes, even near the cell bodies, is occupied by processes of neighboring protoplasmic astrocytes and synapses.
A striking feature of the CD44ϩ astrocytes with long and short processes was the irregular and heterogeneous pattern of their localization in relation to protoplasmic astrocytes. Isolated CD44ϩ astrocytes might be found within areas of protoplasmic astrocytes (Figs. 5 D, E, 8 A, B) . Blood vessels may be covered by both CD44ϩ and CD44Ϫ astrocytes (Fig. 10 A, A1, B, D,E) . Note that end feet of the protoplasmic (short-process) astrocyte occupy much more vascular surface area than those of the longprocess astrocytes (Fig. 10D1,E1 , compare short process to long process). We even found "doublets" of astrocytes that contained one CD44ϩ and one CD44Ϫ cell (Fig. 10C,C1) . It is worth noting that all astrocytes with long processes when in doublets displayed similar levels of CD44 immunolabeling. . Protoplasmic astrocyte domain organization is violated by CD44ϩ astrocytes. A, Long CD44ϩ processes pass through the domains (dotted lines) of neighboring CD44Ϫ astrocytes. B, Many CD44ϩ long processes (green) pass through the processes of a CD44Ϫ astrocyte. B1, 2D image of 3D reconstruction of enlarged boxed area in B. Note that CD44ϩ processes pass in close vicinity to the cell body of a CD44Ϫ/GFAPϩ astrocyte. C-E, Distribution of synaptophysin immunopositive puncta in the vicinity of CD44ϩ astrocytes with long (C) and short (D, E) processes. C1, D1, E1, Enlarged boxed areas in C-E, respectively; single optical slices. Note that there is less CD44 immunostaining in C than in D and E. Confocal microscopy. Scale bars: A, 60 m; B, 45 m; C-E, 55 m. F, Optical density reading of synaptophysin puncta and CD44 in CD44Ϫ and CD44ϩ astrocytes without long processes in mid-cortex. Note the absence of correlation, r ϭ 0.0819, p Ͻ 0.001.
Neonatal brains contain CD44؉ long-process astrocytes but not CD44؉ cortical astrocytes
We examined fetal and neonatal telencephalons that did not display any gross or microscopic CNS pathology to determine when the CD44ϩ astrocytes appeared. As noted by Colombo et al. (2005) using a GFAP antibody, interlaminar processes are in place by several weeks of postnatal life and then increase in density for several months. In our samples, CD44ϩ astrocytes were not present in 19 -21 week fetal brains (Fig. 11A,B) , but CD44 immunostaining of pial-based astrocytes began to arise focally by 26 weeks of gestation (Fig. 11C) . At term, we found that the long-process astrocytes with cell bodies at the pial surface and in lower cortex and superficial white matter were CD44ϩ (Fig. 11D,F) . We also found that in these young brains, there were no CD44ϩ astrocytes with short processes (protoplasmic astrocytes) in the cortex itself (Fig. 11E) . CD44ϩ fibrous astrocytes in deep white matter first appeared around midgestation and increased from that time (data not shown; Vogel et al., 1992) . We also examined brains of young patients without seizures in the 2-7 year age range, and found no short process, CD44ϩ astrocytes in the midcortical layers (data not shown). To expand our observations, we also examined basal ganglia of full-term neonates and young children, and found long-process CD44ϩ astrocytes around large blood vessels (Fig. 11G) . Thus, the long-process astrocytes are not specific for cortex, but are general residents of hemispheric gray matter and are associated with large vessels in gray matter areas.
Discussion

Pleomorphism and complexity of human astrocytes
The present study further strengthens the idea of astrocyte heterogeneity in the human brain, and the differences between human and rodent astrocytes (Colombo and Reisin, 2004; Oberheim et al., 2009) . Immunostaining for CD44, a plasma membrane protein, outlines astrocyte morphology to a degree not possible with GFAP immunostaining. Typical locations and features of longprocess CD44ϩ astrocytes are shown in Fig. 12 . Rodent astrocytes that are pial-based, contact large vessels, or reside in white matter are also CD44ϩ (Sosunov et al., 2013) , but, to the best of our knowledge, CD44ϩ or CD44Ϫ long-process astrocytes have never been observed in rodent isocortex and hippocampus. The long-process interlaminar phenotype may in part be due to the large increase in brain size from birth to adulthood in humans, since astrocytes linked to the pia and blood vessels in the fetal brain would have to elongate as the brain grows. In addition, human astrocytes may have intrinsic properties that allow them to extend long processes, as shown after human astrocyte transplantation into mouse brain .
What are the origins of the CD44؉ astrocytes in the neocortex? All of the specimens contained CD44ϩ astrocytes with long processes, principally those at the pial surface, those in white matter and deep cortical layers, and those associated with large vessels. The morphology and immunohistochemical profile of CD44ϩ astrocytes with long processes do not depend on the location of the cells (e.g., subpial area, near blood vessels, or in deep cortex) and are similar to those of fibrous astrocytes in white matter. These CD44ϩ long-process astrocytes are present in fetal and young brains, indicating they arise from a normal developmental program.
In addition to the long-process CD44ϩ astrocytes, we found CD44ϩ astrocytes within the cortex that varied considerably in number among different individuals. Some of these cells displayed the morphology of protoplasmic astrocytes and had no long processes. That we did not find these CD44ϩ astrocytes in the neonatal cortex and that their numbers are highly variable in adult brains suggest that this is an acquired phenotype. What might be the source of these intracortical CD44ϩ astrocytes? Do they arise from normal, CD44Ϫ, protoplasmic astrocytes in response to some sort of pathology?
Notably, we did not find in these CD44ϩ astrocytes some of the proteins typical of reactive changes (e.g., vimentin, nestin, p-S6), and they did not show the hypertrophic shape typical of reactive astrocytes observed after any type of brain insult. Furthermore, none of these astrocytes was part of a glial scar. The high variability in the phenotypes (from minimal to significant deviation from protoplasmic) of these astrocytes favors a gradual change of character, rather than an acute reactive response. We suggest that the appearance of these intracortical CD44ϩ astrocytes represents a long-term, gradual change similar to those found in age-related astrogliosis, defined by GFAP immunostaining. The gradual accumulation of GFAP only in some cortical protoplasmic astrocytes that produce a mosaic distribution of GFAPϩ and GFAPϪ cells is a well known age-dependent phenomenon (Middeldorp and Hol, 2011) . Similar heterogeneity in CD44ϩ astrocytes in the isocortex occurs with age in rhesus macaques (Cargill et al., 2012) . It is unlikely that this age-related increase is secondary to major pathology, since these animals did not show evidence of neurodegeneration. What causes this age-related heterogeneity is not known. These cortical human CD44ϩ astrocytes presumably arise from normal, CD44Ϫ, protoplasmic astrocytes, perhaps in response to some sort of subclinical pathology acquired during life, such as hypoxic episodes, inflammation or infection, minor head trauma, or hypertension.
Many of our specimens were obtained from middle-aged patients with epilepsy, so we cannot exclude the possibility that seizures might have accelerated and aggravated astrocyte changes and promoted higher levels of GFAP and CD44. Nevertheless, some of the temporal lobe specimens from epileptic patients contained few or no CD44ϩ astrocytes in the mid-cortex. Furthermore, six of the specimens were from nonepileptic patients, and these specimens also showed variable numbers of CD44ϩ astrocytes. Even if the transition from CD44Ϫ to CD44ϩ is a gradual one, or one caused by subclinical pathology, it does produce important changes in the astrocyte phenotype. In particular, astrocytes change their morphology and lose miniature leaf-like processes that normally envelop synapses, they accumulate GFAP, and display low levels of glutamate transporters (EAAT1 and EAAT2) and GS. These changes are very similar to those observed in the murine model of Alexander disease (Sosunov et al., 2013) , in which the transition occurs due to the activation of intracellular stress pathways. We cannot ignore the possibility that some of these mid-cortical CD44ϩ astrocytes could have been generated anew from precursors in the adult CNS, but we have no direct evidence to support that conclusion. What are the functions of CD44؉ astrocytes with long processes? CD44ϩ astrocytes with long processes contact many blood vessels and the pial surface. Thus, the CD44ϩ astrocytes cover much greater distances than protoplasmic astrocytes and are able to "connect" distant blood vessels to each other and deep blood vessels to the pial surface. The extent of vascular contact has not been appreciated in past studies, which found vessel contact but concluded that most of the long-process astrocytes did not contact vessels (Colombo et al., 1995; Reisin and Colombo, 2002b; Oberheim et al., 2009) . Previous studies may not have appreciated the vessel attachments, since they visualized astrocytes with anti-GFAP antibodies.
Long-process astrocytes display AQP4 immunostaining over the entire cell body and processes in addition to end feet at vessels and the pial surface. AQP4 is the main astrocyte aquaporin responsible for water flux through the plasma membrane (Binder et al., 2012) . Higher AQP4 levels along processes would allow efficient fluxes of water across the cell membrane. This would be particularly important in hyperosmolar states. Furthermore, long-process astrocytes may well constitute fast conduits for CSF components (a "glymphatic flux"; Iliff et al., 2012) over a large volume of brain parenchyma.
We found that half of the pial-based long-process astrocytes are coupled to neighboring CD44Ϫ protoplasmic astrocytes. This coupling would allow the protoplasmic astrocytes to link into a long-process distribution of water and ions. The longprocess astrocytes might significantly increase both the speed of communication and the volume of the astrocyte syncytium. The high speed of astrocytic calcium waves documented recently in human cortex (Oberheim et al., 2009 ) may be one such example.
Astrocytes are integral parts of neuron-vascular units and participate in the regulation of vascular tone (Gordon et al., 2007; Petzold and Murthy, 2011) . Thus, astrocytes linked to multiple vessels widely apart could not only regulate vasotone locally but could also synchronize flow in distant vessels.
In contrast to fibrous astrocytes in white matter, CD44ϩ astrocytes in gray matter do not contact nodes. Buffering of the extracellular milieu near nodes is performed by protoplasmic astrocytes. Thus, blood vessels appear to be the major targets of the long processes of CD44ϩ astrocytes.
CD44؉ astrocytes do not respect the borders of other astrocytes
Protoplasmic astrocytes generate their own domains, from which neighboring astrocytes are largely excluded (Bushong et al., 2002; Oberheim et al., 2009 ). CD44ϩ astrocytes with long processes represent an exception to this "rule of exclusion," since their long processes travel though the domains of many other astrocytes (Oberheim et al., 2009 ). Conversely, CD44Ϫ protoplasmic astro- Figure 12 . Schematic presentation of the locations of long-process CD44ϩ astrocytes in the isocortex and hippocampus. Note that in cortex both upper layers (mainly layers I and II) and deep layers (mainly layers VI and V) are covered with long processes of CD44ϩ astrocytes. The number of long-process CD44ϩ astrocytes in midcortex (layers III and IV) is lower. In hippocampus, long processes of CD44ϩ astrocytes occupy striatum pyramidale (but not striatum radiatum) and striatum moleculare of dentate gyrus. Protoplasmic CD44Ϫ astrocytes and short-process CD44ϩ astrocytes originating from CD44Ϫ protoplasmic astrocytes could be found in every cortical and hippocampal layer. Images in circles show typical features of CD44ϩ astrocytes. A, Descending long processes of subpial interlaminar astrocytes. B, CD44ϩ astrocyte with short processes originated from CD44Ϫ protoplasmic astrocyte. C, CD44ϩ long-process astrocyte located in gray matter. D, Process of interlaminar astrocyte ends with the end foot on a small blood vessel. E, Blood vessel end feet made by CD44ϩ long-process astrocyte, and long processes of CD44ϩ fibrous astrocytes reside in white matter. F, Long processes of fibrous astrocytes produce a dense net in deep cortical layers. G, Long CD44ϩ processes of astrocyte reside in striatum oriens of hippocampus in striatum pyramidale. H, CD44ϩ long process astrocyte in striatum radiale. I, CD44ϩ long processes in striatum moleculare of dentate gyrus. A-C, F-I, Immunostaining for CD44. D, E, Immunostaining for CD44 (green) and GFAP (red). V, Blood vessel.
cytes send their processes toward and settle close to the cell bodies of CD44ϩ astrocytes. Thus, protoplasmic astrocytes are able to extend their processes into the domain of an adjacent astrocyte when that astrocyte attenuates the "repulsive barrier" of its own domain. The extension of protoplasmic processes into a longprocess astrocyte domain would have the effect of bringing the fine processes of protoplasmic astrocytes near synapses in the regions of the long-process astrocytes, which do not extend such fine processes, and are low in GS and glutamate transporters. Thus, cortical synapses in the vicinity of long-process astrocytes still have "coverage" from protoplasmic astrocytes.
In summary, we infer that there are two general populations of CD44ϩ astrocytes in the human isocortex and hippocampus. The first is composed of the long-process astrocytes, which appear during normal development, and were present in every specimen we examined, regardless of age or other pathology. These cells generally show lower levels of GS, EAAT1, and EAAT2; variable but generally higher levels of GFAP and S-100␤; and higher levels of SPARC and ␣B-crystallin than protoplasmic astrocytes. The second is a much more heterogeneous population of cortical astrocytes, composed of cells that can appear protoplasmic in shape but with reduced numbers of miniature processes and rarely long processes that are devoid of small branches. This second population is variably immunopositive for GS, EAAT1, EAAT2, and GFAP. While the first population of CD44ϩ astrocytes is present throughout life, the second is likely to represent an acquired phenotype.
